Abstract-In this paper, we present two nondestructive characterization methods for the detection of voids in rear local contacts of passivated emitter and rear-type solar cells, namely scanning acoustic microscopy and computer tomography. We compare both methods and include a comparison with electroluminescence measurements. It is shown in this paper that voids can easily be detected with both measurement types without any sample preparation. We found a good match of scanning acoustic microscopy (SAM) and computer tomography (CT), which is presented for this purpose for the first time. The investigation was carried out for different aluminum pastes.
as EL is sensitive to recombination, which in turn lowers locally the quasi-Fermi level splitting and carrier concentration, respectively. In reality, often a local BSF is still present after void formation which cannot be detected by EL. Voids with a local BSF connected to the rear contact do not have a direct impact on cell efficiency, but the cavities between Si and metallization may deteriorate the adhesion which can cause problems in solar modules. This is one reason why characterization methods for void detection are important for the production of PERC-type solar cells.
A very good nondestructive characterization method for void detection is scanning acoustic microscopy (SAM) [7] . In this study, we introduce computer tomography (CT) as another nondestructive characterization method and compare it with SAM measurements.
II. EXPERIMENTAL DETAILS
Characterization is carried out on 15.6 × 15.6 cm 2 monocrystalline (mono) Cz Si wafers, with an as-cut wafer thickness of 180-200 μm. The solar cells were alkaline textured and have a homogeneous 60 Ω/ phosphorous emitter formed by a POCl 3 -based tube furnace diffusion step. After diffusion, the emitter on the rear side has been removed in a wet-chemical edge isolation step. On the front side, the emitter is covered with a plasmaenhanced chemical vapor deposition (PECVD) silicon nitride antireflective coating and a standard screen printed Ag frontside grid. On the rear surface, a standard dielectric passivation stack, consisting of a thin aluminum oxide layer capped with a silicon nitride layer, was deposited in a PECVD system. The line-shaped contact openings on the rear side were formed by laser ablation [8] . For simplification of characterization, laser openings were made perpendicular to the front-side fingers. The rear side was metallized with two different Al screen printing pastes covering the full area. Paste 1 is a commercially available Al paste for PERC cells, and paste 2 a homemade Al paste, also for PERC cells. The cells have been fired at temperature profiles optimized for cofiring processes.
To get information about high rear local contact resistivities, the cells were measured with EL (see Figs. 1 and 2 ). Dark areas in EL images, measured at 10 A cell current, show regions with poor electrical contact. From former investigations, it is known that these regions with high rear local resistivities can be attributed to the occurrence of voids [7] . Afterward, SAM and CT measurements were carried out on the whole solar cells, respectively, on a 15.6 × 12.0 cm 2 area, because of geometrical restrictions in the measurement chamber (see white marker in Figs. 1 and 2) , and, for a better comparability, on 2 × 2 cm 2 areas (see red marker in Figs. 1 and 2) . 
A. Scanning Acoustic Microscopy
With a scanning acoustic microscope, voids in rear local contacts of PERC-type solar cells can be detected without any sample preparation. A schematic of the functional principle is shown in Fig. 3 . For this experiment, a V400 system from Kramer Sonic Industries was used. The solar cell is fixed, the Al rear side facing upward, on a magnetic sample stage by small stripes or wires made from a ferromagnetic material. These stripes help to keep the sample very flat on the sample stage and prevent sample floating during measurement. In the resulting measurement images, one can see the fixing stripes as dark measurement arte- Fig. 3 . Schematic of the functional principle of the scanning acoustic microscope (according to [8] ).
facts. The sample stage is submerged in deionized water, which helps to transmit the signal to the sample as the reflection at the interface air/Al or air/Si would be extremely strong (>99%). An ultrasonic signal is generated and focused on the sample by a transducer. Due to the interaction of the signal with the scanned material, a part of the signal is reflected back to the transducer as an echo. The transition from water to Al or Si (or the other way around) yields a strong reflection of around 70%, while the reflection at the Al/Si interface is weak (<1%). If the sound waves hit an air-or water-filled pocket, strong reflection or scattering occurs, and the transmitted signal is weak. In consequence, the reflected/scattered signal from an object/interface under investigation beyond the pocket is weak (even though the reflection would be strong) and, thus, appears dark in the measured image.
For the analysis of the echo, the amplitude, the phasing, and the runtime are used to generate a gray-shaded image. Commonly, the signal is evaluated over a period of time with a certain delay relative to the first echo reflected at the water/sample interface as the voids investigated here are lying below the surface. If the delay is chosen appropriately, the transducer mainly registers signals from the Al/Si interface or beyond, and air/water-filled voids will show up as areas with weak signal intensity, as the main part of the intensity already got lost within the delay. As the Al thickness and the void depth may differ from sample to sample, it has proven viable to simply take a series of images with different delays (and thus depth) and selecting the best image afterward.
The solar cell is scanned line by line; therefore, the measurement time depends on the sample size and typically takes seconds to several minutes. For the horizontal resolution, the used setup allows us to choose the number of pixels between 125, 250, 500, and 1000. The vertical resolution can be chosen between the same as for horizontal resolution, one half, one quarter, etc., up to 1/16. The penetration depth depends on the frequency and the focal length of the transducer. The used transducer has a frequency of 150 MHz and a focal length of 2 mm; therefore, it can be used for thin samples [9] .
B. Computer Tomography
CT is a nondestructive test method which can be used for the analysis of inner structures and the detection of extended defects like voids. The principle of CT is shown in Fig. 4 . The sample stage has to ensure that the specimen does not move during measurement. Normally, it consists of a lower absorbing material compared with the specimen so that it can easily be blanked out during the interpretation. The X-radiation, in form of a cone beam, penetrates the object and is partially absorbed by the sample. During the measurement, the test object rotates by 360°while the detector captures a series of 2-D projected images. A 3-D dataset of volume elements (voxels) is reconstructed based on appropriate algorithms and high-performance computers [10] .
Once the dataset has been reconstructed, the test object can be illustrated and analyzed for defects with the help of the software application VG Studio MAX 2.1 by Volume Graphics GmbH, Heidelberg, Germany. The application software visualizes the volume model of the test object, as well as three different CT cutting planes through the volume model of the test object at the same time. The CT cutting planes are freely selectable planes, and thus, each layer and the inner structures of the reconstructed test object can be analyzed.
The different grayscale values in the reconstructed dataset result from different attenuation levels of the radiation as a function of the atomic number and the thickness of the irradiated material [11] . In the CT cutting planes, low absorbing materials appear darker, while high absorbing materials appear brighter. In contrast, the classification of the gray values in the volume model is different. In this case, the low absorbing materials show a brighter contrast than the high absorbing materials.
The used computer tomographs exaCT S and exaCT M by Wenzel Volumetrik have a maximum voxel resolution of 5 and 42 μm, respectively, and thus belong to the class of microcomputer tomographs. However, the maximum resolution of the computer tomograph exaCT S can only be achieved by positioning the measured object directly in front of the X-ray tube. The conical shape of the beam results in a magnification of the irradiated object on the detector. This way, the sample is represented on the detector with more detector pixels. With smaller samples, a higher resolution, compared with larger samples, can be achieved because of the closer positioning to the X-ray source [12] , whereas the computer tomograph exaCT M has a fixed position in front of the detector. 
III. RESULTS
For a first analysis of the solar cells under investigation, EL measurements have been carried out. When a paste tends to form a lot of voids within the firing process, there is a good chance that there are voids without a local BSF in the contact opening. Alternatively, the conductivity of the remaining material is not high enough to support the current flow through the rear contact, e.g., when the local BSF shows poor contact to the rear Al layer. In both scenarios, voids that are detrimental for the solar cell can be detected with EL measurements. Figs. 1 and 2 show EL images of PERC-type Cz-Si solar cells, measured at 10 A cell current. The used Al pastes differ in void formation, although for both pastes optimal firing conditions have been applied. For paste 1, the results of the SAM measurements have already been proven in former investigations (referred to as "paste 2" in [7] ).
The EL measurement of the cell metallized with paste 1 (see Fig. 1 ) confirms the high amount of voids in the rear local contacts. The vertical thin dark lines show the voids without a local BSF. The horizontal lines result from finger interruptions on the front side of the solar cell. The second paste used for this experiment only forms few voids. The reason for a reduced void formation is still under investigation and is not important for the evaluation of the presented characterization techniques. The corresponding EL measurement is shown in Fig. 2 . As there is no extensive void formation occurring when using this paste, also no high rear local contact resistivities are expected. The corresponding EL image confirms this assumption.
A. Comparison of Scanning Acoustic Microscopy With Computer Tomography Measurements
For comparison of these two nondestructive techniques, the same solar cells were measured with SAM and CT, and the resulting images of the cell metallized with paste 1 are shown in Figs. 5 and 6 , respectively. In the SAM image, one can see the Ag front-side grid with three vertical busbars and perpendicular fingers as dark lines. The line-shaped rear contacts run parallel to the busbars in vertical direction. The four dark areas on the borders of the solar cell are artefacts due the mounting of the cell on the sample stage (see Section II-A). The dark area in the lower left corner is a measurement artefact caused by the cell bow. The four mounting stripes are not long enough to fix the corners flat on the sample stage. The resolution for this SAM measurement is 156 μm in each direction. As expected, there are a lot of voids visible in the rear local contacts.
Due to the limitation of the sample chamber of the exaCT M and the required rotation during the measurement, the sample may have a maximum width of 12 cm; therefore, on the left side, a stripe had been cut off (see white marker in Fig. 1) . The resulting CT measurement shows the volume model in Fig. 6 . As discussed in Section II-B, low absorbing materials appear brighter than higher absorbing materials in the volume model. This behavior is contrary to the gray values in CT cutting planes. Therefore, the Ag front-side grid can be seen as dark lines. In the volume model, the voids in the rear local contacts are the vertical bright lines, the front fingers are the horizontal dark ones, whereas in the CT cutting plane parallel to the sample surface, the voids appear dark, and the Ag front fingers appear bright. The CT measurement also detects a lot of voids.
For a better comparability of void detection, 2 × 2 cm 2 details of the solar cells were cut out and measured (see red markers in Figs. 1 and 2 ). In Fig. 7(a) , a SAM image of the solar cell metallized with paste 1 (compare Fig. 1 ) is shown. The vertical dark lines show the unfilled regions in the rear local contacts. The dark areas on the upper left and the lower right corner are due to the mounting of the sample. Fig. 7(b) shows the corresponding CT image. The horizontal lines are the Ag front fingers and the dark vertical ones correspond to the voids. Investigating these two images closer, starting at the left side, one can observe in both images a void running from the upper edge to the center of the image, followed to the right by a void that stretches about the entire height. After another void, approximately 75% of the whole contact length, there are two short ones visible in both images. One can see that the two measurement images clearly show identical void formation. Fig. 8(a) and (b) shows SAM and CT measurements from the detail of the PERC-type solar cell metallized with paste 2 (compare Fig. 2 ). As before, the front fingers run horizontally through the sample, the local contacts perpendicularly to them. There are only a few voids expected on solar cells metallized with this paste, and indeed, the CT measurement shows only few very small but well-identifiable voids. For a better perceptibility, they are dyed in red. In the corresponding SAM image, there are several dark round areas. These dark areas can be voids or they can be caused by small particles on the cell rear surface which cannot be removed. Compared with the corresponding CT image, there are small dark areas observable at the positions of the voids detected with CT. SAM and CT images of a complete cell metallized with paste 2 are not shown in this paper. As for this paste only a few small voids are expected, it is not easy to visualize them on the scan of the complete large-area solar cell.
IV. DISCUSSION
To get a good SAM image, it is necessary to ensure that the sample is fixed lying flat on the planar sample stage. Only small height differences can cause measurement artefacts, like in the lower left corner of Fig. 5 . Depending on the cell bow, the stripes to fix the sample can differ in width, but they are usually not broader than in Fig. 5 .
For a complete SAM measurement of a 15.6 × 15.6 cm 2 solar cell, a resolution of 156 μm was found to be appropriate for void detection with acceptable measurement time. The measurement software integrates "on the fly" over these 156 μm in the measurement direction, and as long as the width of the void or the amplitude change of the signal is large enough, the void can be detected. As the voids in rear local contacts investigated here have a typical width of 50-80 μm and a typical depth of 10-20 μm, the resolution is high enough to get reliable results. Of course, there can be problems, if the local contacts are not completely unfilled. Perpendicular to the scan direction, the resolution was also chosen to be 156 μm. However, the transducer features principally a focus diameter between 20 and 30 μm, which is smaller than 156 μm, and the scanned lines do not overlap. The system is virtually blind in the areas not covered by the scan, and voids might not be detected within these blind regions. Therefore, it is recommended to scan perpendicularly to the void lines for a reliable void detection. The measurement time for a whole cell with this resolution is about 15 min. The 2 × 2 cm 2 details are measured with a resolution of 20 μm. With this resolution, the measurement also takes about 15 min. This resolution had been chosen to get very clear images. Of course, the larger voids could also be detected with a lower resolution, and therefore, the measurement time could be shorter.
With a SAM measurement of small samples with only small voids and a rough rear surface, e.g., metalized with paste 2, no clear results can be achieved. In the SAM image, the particles on the cell surface and the small voids in the local contacts (red circles in Fig. 8(a) ) cannot be distinguished from each other. However, for the performance of the complete solar cell, this low amount of small structures does not seem to be a problem anyway, as fill factors are not negatively affected. If there are only few very small voids present, the adhesion between paste and silicon might not be significantly degraded.
In addition, for the CT measurement, the cell bow causes problems. Because of the bow, it is hardly possible to get an image of the cutting plane of the whole cell as it is possible for the smaller 2 × 2 cm 2 areas (see Figs. 7 and 8) . This is the case in Fig. 6 in which the volume model instead of the cutting plane is depicted.
In the CT measurement of the 15.6 × 12.0 cm 2 detail of the solar cell, a resolution of 84 μm is reached. A measurement of that area with this resolution takes ∼6 h because the 15.6 × 12.0 cm 2 area is divided into five areas which are measured consecutively and assembled by the software afterward. For a good detection of details on the 2 × 2 cm 2 parts of the solar cells, a resolution of 25 μm was chosen on the computer tomograph exaCT S and measurement time was ∼45 min.
For defect analysis by means of CT, it is important that there is enough contrast between the void (mostly filled with a low absorbing material like air or gas) and the surrounding materials. Other factors to be considered for a clear analysis of voids are an artefact-free measurement, the used voxel resolution, and the size of the defects. As can be seen in Fig. 6 , the detection of voids in the solar cell is possible with no problems.
V. CONCLUSION
In this study, CT was introduced as a nondestructive method for the detection of voids in rear local contacts of PERC-type solar cells. To confirm the results of CT measurements, 2 × 2 cm 2 details of solar cells were measured and compared with scanning acoustic microscope images of the same areas (see Figs. 7 and 8) .
Compared with standard EL measurements, it could be shown that both CT and SAM are good alternatives for void characterization, and even voids with local BSF can be detected.
For the detection of voids with larger dimensions, both methods can reliably detect voids in a nondestructive way; however, measurement time with the SAM is considerably shorter, mainly for larger samples. For solar cells with a rough rear surface and very small voids, in our investigation, only CT measurements could reliably detect the voids.
